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. Subsidence continues to be measured with benchmark surveys, but the collection and continuity of these data have become jeopardized by rapid development destroying many of the benchmarks. Even with the addition of new benchmarks and Global Positioning System (GPS) technology, estimating subsidence rates and delineating valleywide subsidence patterns is difficult because of limited temporal data and a sparsely distributed benchmark network.
Satellite interferometric synthetic aperture radar (InSAR) data are capable of mapping spatially dense (20-90 m) deformation at temporal resolutions ranging from daily to monthly. A pair of synthetic aperture radar (SAR) images or scenes is used to develop an interferogram, which maps phase differences of radar waves reflected from the same location at different times. Phase differences can result from vertical and horizontal displacement associated with the deformation of the land surface and other conditions unrelated to deformation. During the processing of the interferograms described in this report, phase differences unrelated to deformation were minimized or eliminated, and all remaining phase differences were assumed to be the result of vertical displacement. InSAR technology and interferograms provide an effective and relatively inexpensive method for detecting and estimating sub-centimeter vertical deformation of the land surface at unprecedented spatial detail over large areas.
As part of a cooperative agreement with the Nevada Department of Conservation and Natural Resources-Division of Water Resources and the Las Vegas Valley Water District, the U.S. Geological Survey (USGS) has provided support for processing and analyzing interferograms and evaluated InSAR data for monitoring land subsidence and uplift in Las Vegas Valley. Personnel from Stanford University processed interferograms for Las Vegas Valley and personnel from the USGS, Stanford University, University of Hawaii, and Nevada Bureau of Mines and Geology analyzed them. The 44 individual interferograms presented in this report are for periods that range from 1.2 to 34.6 months between September 8, 1992, and December 10, 1999 ( The stacked interferogram is a composite of 8 time-sequential interferograms that span the same range of dates as the 44 individual interferograms. The analyses indicate that subsidence rates generally are lower than rates measured before 1991 (Bell and others, 2000; 2002) , geologic faults influence patterns of land subsidence (Amelung and others, 1999; Bell and others, 2000) , and seasonal uplift occurs in many areas across the valley (Hoffmann and others, 2001; Hoffmann, 2003) .
Mechanics of Land Subsidence
Land subsidence in Las Vegas Valley results from compaction of fine-grained sediments (silt and clay) within the basin-fill aquifer system (Maxey and Jameson, 1948; Malmberg, 1965; Bell, 1981) . This compaction results from an increase in effective stress within the aquifer system resulting from lower water levels caused by pumping ground water (Terzaghi, 1925; 1943) . In addition to compaction resulting from ground-water pumpage, seasonal water-level fluctuations associated with natural processes and groundwater-use practices have resulted in corresponding fluctuations in vertical deformation of the aquifer-system (Pavelko, 2000) . Detailed and technical discussions about the relations between water-level fluctuations and aquifer-system stress and deformation are in Tolman and Poland (1940) , Poland (1960) , and Riley (1969) .
Land Subsidence in Las Vegas Valley
Land subsidence has been a concern in Las Vegas Valley since Maxey and Jameson (1948) first recognized its occurrence. Surveys of various regional and local networks indicated that subsidence occurred at a relatively slow, steady rate throughout large regions of the valley into the mid-1960s. Subsidence rates increased throughout the late 1960s to the 1980s, forming localized subsidence bowls within a larger regional area of subsidence ( fig. 1 ). The deepest localized bowl subsided more than 1.7 m as of 2000, and the other bowls subsided more than 0.6 m (Bell, 1981; Bell and Price, 1993; Bell and others, 2000; 2002) .
Land subsidence has resulted in damage to wells, homes, roads, and water lines in Las Vegas Valley (Mindling, 1971; Bell, 1981 Bell, , 1997 Bell and Price, 1993) . Since the 1990s, land-subsidence rates have decreased (Bell and others, 2000) as water levels across the valley have remained stable or have risen. Artificial ground-water recharge programs, implemented by the Las Vegas Valley Water District and the City of North Las Vegas, have contributed to stable and rising water levels; also, land uplift has occurred in some areas (Bell and others, 2000) . Increasing ground-water demands from a growing population in Las Vegas Valley could result in lower water levels and, ultimately, an increase in land-subsidence rates throughout the valley. 
Introduction

Purpose and Scope
This report allows for viewing and downloading interferograms and Landsat images for Las Vegas Valley, Nev. The interferograms demonstrate the value of InSAR technology to delineate land-subsidence and uplift patterns and trends. Thus, interferograms could assist water and land mangers in mitigating land subsidence and associated damage. The general approach used to develop the interferograms and selected observations pertinent to water-use and landdeformation studies are described herein.
SAR data were processed into individual interferograms where, for purposes of visualization, displacements are scaled differently using a multicolor and a three-color sequence. The multicolor scaling accentuates smaller-scale displacement and the three-color scaling accentuates areas of displacement. The interferograms depict deformation for 44 time intervals ranging from 1.2 to 34.6 months between September 8, 1992, and December 10, 1999 (table 1) . A stacked interferogram created from 8 time-sequential interferograms spans the same dates as the individual interferograms. The European Space Agency's Earth Remote Sensing satellites (ERS-1 and ERS-2), which began collecting SAR data for the Las Vegas area in 1992, acquired the SAR data used to create the interferograms. National Aeronautics and Space Administration's Landsat 5 and 7 satellites acquired the Landsat images in 1993 and 2000, respectively.
The interferograms and the Landsat images are viewable in appendix A using an interactive map designed for sideby-side comparisons, and are available for download for use with Geographic Information Systems (GIS) software. The three-color individual and stacked interferograms available for download are in a grid format and the multicolor interferograms and Landsat images are georeferenced tiff images. The Landsat images provide a frame of reference for the interferograms. The extent of figures 2-7 and all appendix A images in the interactive map is shown in figure 1 ; the extent of the images available for download is larger than those in the report and appendix A.
Previous Investigations
Amelung and others (1999) measured land subsidence and uplift in Las Vegas Valley using interferometry and noted that faults and the thickness of clay units, in part, control the areal distribution of land subsidence. Bell and others (2000; 2002) examined InSAR, GPS, and past benchmarksurvey data and noted that subsidence in Las Vegas Valley is localized more than was believed previously and that land-subsidence rates generally have decreased since 1991. Based on this information, previously constructed subsidence contours for 1963-87 (Bell and Price, 1993) were modified and updated others, 2000, 2002) . Hoffmann and others (2001) used interferometry to measure seasonal land subsidence and uplift, and ground-water level data at selected monitor-well sites to estimate aquifer-system elastic storage coefficients. Hoffmann (2003) investigated the application of interferometric techniques to the measurement and interpretation of vertical deformation over pumped aquifers, including a detailed description of methods and procedures and a Las Vegas Valley case study.
Other studies that used InSAR to map subsidence and (or) uplift attributed to ground-water level changes in areas outside of Las Vegas Valley, Nev., include investigations in Albuquerque Basin, New Mex. (Heywood and others, 2002) , Antelope Valley, Calif. (Galloway and others, 1998; Hoffmann and others, 2003) ; San Luis Obispo County, Calif. (Valentine and others, 2001 ); Coachella Valley, Calif. (Sneed and others, 2001; 2002) ; Houston-Galveston Bay area, Tex. Buckley and others, 2003) ; Santa Ana Basin, Calif. (Bawden and others, 2001) , Santa Clara Valley, Calif. (Ikehara and others, 1998; Schmidt and Bürgmann, 2003) , and Yucca Flat, Nev. (Laczniak and others, 2003; Halford and others, 2005) . Galloway and others (2000) provide a general overview of measuring land subsidence using interferometric techniques.
Interferometry has been used for high-density spatial mapping of ground-surface deformation associated with tectonic (Massonnet and others, 1993; Zebker and others, 1994; Bawden and others, 2001 ) and volcanic strains (Massonnet and others, 1995; Rosen and others, 1996; Wicks and others, 1998) . InSAR has been used to map localized crustal deformation and land subsidence associated with geothermal fields in Imperial Valley, California (Massonnet and others, 1997) , Long Valley, Calif. (Thatcher and Massonet, 1997) , and Iceland (Vadon and Sigmundsson, 1997) , and with oil and gas fields in the Central Valley, Calif. (Fielding and others, 1998) .
Processing Synthetic Aperture Radar Data Into Interferograms
These interferograms were developed from paired satellite SAR images that were processed to estimate vertical displacement. SAR emits pulses of microwaves along a track of the satellite's orbit and receives reflected waves from the Earth's surface. Specialized processing routines account for the forward motion of the satellite and allow for higher resolution images than traditional (unfocused) radar.
The phase components of reflected waves from two data acquisitions are differenced and processed to form interferograms, which are phase-difference maps (see "Limitations" section). Phase differences are caused by (1) displacement or motion between the satellite and reflectors on the Earth's surface that occurs between data acquisitions; (2) viewing the Earth from two slightly different angles (satellite orbital geometry); (3) changes in atmospheric conditions; and (4) decorrelation or noise others, 1994, and Ferretti and others, 2000) . The goal of processing interferograms for studies of land deformation is to accentuate phase differences resulting from changes in the land-surface position and minimize all other phase differences. Based on the assumption of zero horizontal deformation, the phasedifference data are projected into assumed vertical changes in reflector height and then smoothed. The computed vertical changes were referenced to the same small area, assumed stable for all the interferograms, by subtracting the mean vertical change of the stable area from the computed vertical changes.
The phase differences are measured in the repeating interval from zero to 2π, where every 2π cycle is equivalent to a line-of-sight change equal to one-half the radar wavelength, which is about 28 mm for SAR data collected by ERS satellites. The phase-difference data are unwrapped (Costantini, 1998; Chen, 2001) to create an unwrapped interferogram that represents a continuous surface of absolute displacement values. Vertical displacement can be estimated with an accuracy of about 5 mm for each 4 × 40 m interferogram pixel by using stable reflectors such as buildings, roads, or undisturbed ground surfaces, and under favorable atmospheric conditions. The stacked interferogram is a summation of the time-sequential individual interferograms 1, 3, 5, 14, 23, 36, 41, and 44 (table 1) .
For this report, each interferogram is unwrapped and presented using different color schemes (figs. 2 and 3). Three-color individual interferograms depict uplift (purple), no displacement (yellow), and subsidence (green), for a range of 224 mm of vertical displacement, whereas the three-color stacked interferogram depicts uplift (blue), no displacement (yellow), and subsidence (red), for a range of 448 mm of vertical displacement. Multicolor interferograms have a repeating, five-color sequence, where each sequence represents 20 mm of vertical displacement. The order of the colors indicates subsidence (blue-green-yellow-orange-red) or uplift (red-orange-yellow-green-blue).
Additional background on interferometry methodology is in Gabriel and others (1989) , Massonnet and Feigl (1998) , and Hanssen (2001); a comprehensive presentation of SAR image processing is in Curlander and McDonough (1991) . Galloway and others (1998) and Hoffmann (2003) provide more intensive discussions about interferometric applications for the study of land subsidence attributed to ground-water development. The limitations of interferometry and phase measurement are discussed in the "Limitations" section of this report.
Interpreting Interferograms
The individual interferograms represent vertical displacement that occurred between SAR data acquisitions (table 1) and the stacked interferogram represents vertical displacement that occurred from September 8, 1992, to December 10, 1999. There is a three-color and a multicolor interferogram for each individual period, whereas there is only a three-color stacked interferogram. The deformation represented in the interferograms depicts altitude changes relative to a point of assumed zero vertical displacement; zero horizontal displacement is assumed.
The Landsat images ( fig. 4) , acquired in 1993 (Landsat 5) and 2000 (Landsat 7), provide a spatial reference for the interferograms, indicate land use, and, when compared, they show urban development between 1993 and 2000. The Landsat images are presented with the near-infrared, red, and green bands (4, 3, and 2, respectively) colored red, green, and blue, respectively. With this coloration, red is indicative of healthy growing vegetation, black indicates open water, and gray or white indicates bare soil.
To determine areas of deformation and amounts of vertical displacement for a given period, it is advantageous to examine both types of individual interferograms. Threecolor interferograms typically are better for identifying areas of deformation, delineating large deformation patterns, and estimating the amount of displacement. Multicolor interferograms typically are better for estimating relative displacement, identifying decorrelated areas, and delineating localized deformation patterns. Displacement measurements and deformation patterns cannot be estimated for decorrelated areas and should be estimated with caution where atmospheric phase noise is suspected (see "Limitations" section).
Temporal decorrelation may result from the relative movement of reflectors within a radar-resolution cell and often is associated with the movement of vegetation parts (leaves, twigs), vegetation growth or removal, changes in soil moisture, erosion, and, commonly in Las Vegas Valley, urban development. Decorrelated areas are pixilated in interferograms, appearing as a range of stippled colors, and more easily identified in multicolor interferograms than in three-color interferograms ( fig. 5 ). Temporal decorrelation in the Las Vegas Valley interferograms typically is limited to small areas, thus the remainder of the interferogram can be evaluated. Golf courses, easily identified as red areas in the Landsat images ( fig. 5B ), commonly are associated with temporal decorrelation, likely resulting from plant growth, landscaping changes, or watering practices. Roads Atmospheric phase noise results from changes in atmospheric conditions between data acquisitions and, therefore, occurs to varying degrees in all interferograms. Thus, all interferograms should be interpreted with caution because atmospheric phase noise can modulate displacement signals. Atmospheric effects can be difficult to identify because they can occur across an entire interferogram and can resemble deformation patterns. The location, shape, and magnitude of the noise is assumed unique to specific acquisition dates, thus if atmospheric effects are suspected in an interferogram, other interferograms with a common acquisition date should have similar noise patterns. Because land-subsidence and uplift trends in Las Vegas Valley typically have annual cycles (Pavelko, 2000; Hoffmann and others, 2001 ) but atmospheric phase noise usually is associated with specific acquisition dates, careful examination and comparison of multiple interferograms can assist in determining whether a pattern is the result of deformation or other phase noise. As a rule of thumb for these Las Vegas Valley interferograms, patterns that annually repeat typically are the result of land deformation and patterns that appear only in interferograms with common acquisition dates typically are the result of phase noise. For example, interferograms with an acquisition date of May 29, 1998, display phase noise likely related to atmospheric moisture changes ( fig. 6; table 1 ).
Three-Color Interferograms
The individual three-color interferograms depict 224 mm of vertical displacement with a gradational color scheme that ranges from purple (subsidence) to yellow (minimal or no displacement) to green (uplift; fig. 2 ) and the stacked interferogram depicts 448 mm of vertical displacement that ranges from red (subsidence) to yellow (minimal or no displacement) to blue (uplift; fig. 3 ). Deforming areas and deformation patterns are relatively easy to identify by noting the location and shapes of darker purple and darker green areas for individual interferograms and darker red and darker blue areas for stacked interferograms. The color-scale bars show the magnitude of displacement.
Multicolor Interferograms
Multicolor interferograms depict displacement with a repeating color sequence ( fig. 2) . One continuous sequence of colors represents 20 mm of displacement. Within a color sequence, any single color with a continuous and arcuate or linear pattern is analogous to a displacement contour. The order of colors indicates whether deformation is subsidence or uplift, as shown in the color-scale bar.
Displacement should be estimated only for areas with well-defined partial, full, or multiple sets of colors that are surrounded by or adjacent to areas with no displacement.
Generally, broad areas of one color are areas with no displacement. The estimated displacement is relative only to the adjacent area and is not necessarily the total amount of displacement. Relative displacement is estimated by noting the colors between the area of interest and the adjacent area. If the colors are not a full sequence, use the color-scale bar to estimate the relative displacement. If the colors include one or more sequences, assign 20 mm of displacement to each full sequence, treat any remaining partial sequence as above, and add the estimated partial-sequence amount to the full-sequence amount.
Multicolor interferograms typically are better than threecolor interferograms for identifying decorrelated areas because the color contrast between decorrelated and correlated areas is higher in multicolor interferograms. Localized deformation patterns typically are easier to delineate in multicolor interferograms because 20 mm of displacement is represented by multiple colors, whereas for three-color interferograms, 224 mm of displacement is represented by only three colors ( fig. 2 ).
General Observations on Interferograms
These interferograms reveal regional (valleywide) and localized land subsidence and uplift patterns. The most obvious deformation feature is the northwest subsidence bowl and its proximity to the Eglington fault (figs. 3 and 7; Amelung and others, 1999; Bell and others, 2000) . Deformation is persistent along the north-south axis of the valley, but the remaining subsidence bowls are less defined than the northwest bowl ( fig. 7) . Generally, individual interferograms that predominately span months of increased pumpage (May-September) have patterns dominated by land subsidence (interferograms 2, 3, 15, 23, 27, 28, 29, 41 , and 42; table 1) and interferograms that predominately span months of decreased pumpage or artificial recharge have more complex deformation patterns that include regional or local uplift (Hoffmann and others, 2001; Hoffmann, 2003) . For interferograms that span mostly months of decreased pumpage, 8 predominantly have uplift (interferograms 6, 8, 18, 19, 35, 36, 38, and 40) , 6 predominantly have subsidence (interferograms 4, 11, 12, 14, 34, and 44) , and 17 have both subsidence and uplift (interferograms 1, 5, 7, 9, 10, 13, 16, 17, 20, 21, 22, 24, 31, 32, 33, 37, and 39) . Generally, land uplift does not occur within the northwestern subsidence bowl. Recurring, localized deformation features ( fig. 7) generally appear in the northeastern part of the valley and are more easily identified on multicolor interferograms than three-color interferograms. The stacked interferogram shows that from September 8, 1992 to December 10, 1999, the predominant type of vertical displacement was subsidence. Roads 
Limitations
The colors and patterns of these interferograms, or phasedifference maps, result from ground-surface deformation, different satellite positions during data acquisitions, different atmospheric conditions, and decorrelation or noise (Zebker and others, 1994; Ferretti and others, 2000) . Phase changes due to different satellite positions have been corrected in these interferograms. The remaining phase changes not related to ground-surface deformation are considered phase noise for the purposes of land-deformation studies. Although the processing of these interferograms focused on accentuating phase differences resulting from ground-surface deformation and minimizing phase noise, some phase noise persists in the interferograms.
For land-deformation studies, interferometric results are best for relatively flat ground surfaces, such as the floor of Las Vegas Valley. Digital elevation-data errors, which often are present for steep terrain, and orographic effects can affect phase-difference data for steep slopes and high mountains. For this reason, interferometric patterns that appear near and on Frenchman Mountain, such as those in figure 5A , should not be included in deformation analyses, as these patterns likely are not the result of land deformation.
Limitations associated with the acquisition and processing of SAR data also include (1) the temporal resolution of interferometry is dependent on satellite stability/ repeatability, (2) deformation depicted within an interferogram pixel is an average of the true deformation distributed across the land surface represented by the pixel, (3) algorithms used to unwrap SAR data are not 100-percent accurate, and (4) processing raw SAR data into interferograms is complex and requires a specialist. A limitation that arises from a simplifying assumption is that phase differences attributed to deformation are assumed to be purely vertical (zero horizontal deformation is assumed).
The limitations of interferometric measurements of landsurface deformation are complex and a detailed discussion is beyond the scope of this report. Hoffmann (2003) provides a more detailed discussion of the SAR-data acquisition, processing, and limitations of the interferograms presented in this report. Jónsson (2002) provides a more thorough discussion of errors and biases associated with interferometricphase measurements and Hanssen (2001) provides a comprehensive discussion of errors associated with radar interferometry.
